Background-Phosphorus binders are used to treat hyperphosphatemia in maintenance dialysis patients, in whom the use of these medications has been associated with lower mortality in some observational studies. It is not clear if similar benefits can be seen in patients with non-dialysisdependent chronic kidney disease (CKD).
Results-344 patients were treated with a binder; 658 patients died (mortality rate, 141/1000 patient-years; 95% CI, 131-153) during a median follow-up of 3.1 years. Treatment with binders was associated with significantly lower mortality (adjusted HR, 0.61; 95% CI, 0.45-0.81; p<0.001). Results were similar when exposure was modeled in intention-to-treat type analyses and when examining propensity-matched patients. Binder use was not associated with significant changes in kidney function loss.
Limitations-Results may not apply to all non-dialysis-dependent CKD patients.
Conclusions-The administration of phosphorus binders is associated with lower mortality in men with moderate and advanced non-dialysis-dependent CKD. Clinical trials are needed to determine the risks and benefits of phosphate binders in this patient population.
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phosphorus binders; chronic kidney disease; mortality; CKD progression; hyperphosphatemia Serum phosphorus concentration is usually maintained within the normal range by increasing the fractional excretion of phosphorus, as a result of increased FGF-23 (fibroblast growth factor 23) and serum parathyroid hormone (PTH) release stimulated by an increased phosphorus load. 1 Elevations in serum phosphorus concentration, however, occur in patients with advanced chronic kidney disease (CKD), especially after their progression to end-stage renal disease (ESRD).1 Hyperphosphatemia represents a novel mortality risk factor in patients with CKD on maintenance hemodialysis therapy,18 ; 33 and even high-normal levels of serum phosphorus appear associated with higher mortality in both the general population and persons with nondialysis-dependent CKD18 ;33 and with a higher incidence of end stage renal disease (ESRD) in patients with moderate and advanced non-dialysis-dependent CKD. 18; 33 High levels of FGF-23 and PTH are also associated with increased mortality in dialysis patients18 ; 33 and in non-dialysis-dependent CKD. 17 Hence, it is possible, although not yet proven, that interventions aimed at lowering serum phosphorus levels improve survival even in nondialysis-dependent CKD patients with seemingly normal or borderline-elevated serum phosphorus levels.
Medications that bind intestinal phosphorus represent the most commonly applied therapy of hyperphosphatemia in CKD. The lack of randomized controlled trials examining the impact of phosphorus binders against placebo therapy on hard clinical end points in CKD has hampered our ability to apply phosphate binders as a means to improve clinical outcomes beyond lowering serum phosphorus. A single observational study has found that the use of phosphorus binders in hemodialysis patients was associated with lower mortality. 18 To the best of our knowledge no such studies have been performed in patients with non-dialysis dependent CKD.
We examined associations of phosphorus binder administration with all-cause mortality and with the slopes of estimated glomerular filtration rate (eGFR) in male US veterans with moderate and advanced non-dialysis-dependent CKD at a single medical institution.
METHODS

Study population and data collection
We studied all 1,259 patients referred for evaluation of non-dialysis-dependent CKD at Salem Veteran Affairs Medical Center between January 1, 1990, and June 30, 2007, and followed them until April 1, 2009. Ten females and 6 patients whose race was other than white or black were excluded; a further 55 patients who were first exposed to phosphorus binders after the initiation of renal replacement therapy were also excluded. The final cohort consisted of 1,188 patients.
Baseline characteristics were recorded at the initial evaluation in the Nephrology clinic for all patients, and the same characteristics were reassessed at the time of the initial phosphorus binder administration in treated patients for propensity score calculations. These included demographic and anthropometric characteristics, co-morbid conditions including the Charlson Comorbidity Index and laboratory results, as detailed elsewhere.18 ; 33 Phosphate binder exposure was assessed by reviewing electronic pharmacy records from the Veterans Administration Computerized Patient Records System, and was defined as the dispensation of a single or of multiple prescriptions for any calcium containing medication (with the recording of the daily dose of elemental calcium) or a non-calcium-containing phosphorus binder, with sevelamer hydrochloride being the only such medication found in the studied cohort. Longitudinal exposure to binders was assessed by recording the dates of subsequent pharmacy refills. In primary analyses, exposure to binders was analyzed on an as-treated basis; in sensitivity analyses, exposure was defined in intention-to-treat manner by considering patients with sustained binder administration as "treated" even if they subsequently discontinued their binders. Sustained exposure was defined as at least 10 dispensations of a binder, which was present in 86% of all treated patients. Follow-up data recorded during the entire follow-up was also extracted and utilized in time-varying analyses by time-updating the following variables: all medication use, body mass index, blood pressure and all the laboratory parameters. Serum calcium concentration was corrected for serum albumin concentration using the formula21: Corrected calcium = Measured calcium + 0.8*(4-serum albumin level in g/dl). Glomerular filtration rate was estimated using the 4-variable Modification of Diet in Renal Disease Study (MDRD) 22 equation and categorized according to the staging system introduced by the National Kidney Foundation's Kidney Disease Outcomes Quality Initiative (KDOQI) clinical practice guidelines regarding evaluation, classification, and stratification of CKD.23 All biochemical measurements were performed in a single laboratory at the Salem Veteran Affairs Medical Center.
Statistical analyses
Data points were missing for CCr (1%), body mass index (14%), serum albumin (1%), phosphorus (2%), alkaline phosphatase (9%), blood cholesterol (2%), hemoglobin (0.3%), WBC (0.9%), percent lymphocytes in WBC (1%), 24-hour urine protein (3%) and smoking (5% missing). Multivariable analyses were conducted using unimputed (complete) data, which was available in 832 patients.
Patients were considered lost to follow-up if no contact was documented with them for more than six months, and they were censored at the date of the last documented contact. Outcome measures were overall (pre-and post-dialysis) all-cause mortality (ascertained from VA electronic records) and the slopes of estimated GFR vs. time.
The starting time for analyses was the date of the first encounter in the Nephrology Clinic; patients whose treatment with binders started at a later time were categorized as untreated until the time their treatment started. The association of binder use with all-cause mortality was evaluated in time-varying Cox models. The association between binder administration and the slopes of eGFR vs. time was examined in generalized linear mixed effects models allowing for a random intercept and slope of eGFR and of binder use, estimating the variance components by using the maximum likelihood method. Most patients did not start binder therapy at the beginning of the follow-up period; hence the eGFR slopes associated with binder therapy were modeled such as to allow for an intraindividual change in slopes corresponding to the initiation of binders. The effect of binder administration on progression of CKD was determined by comparing the slopes of eGFR after a binder was initiated with the pre-treatment slopes of the same patients. The change in eGFR from baseline until death, start of dialysis or loss of follow-up (whichever occurred first) was studied using a median of 17 serum creatinine measurements (range, 1-135) by applying a two stage model formulation. 24 In such a model the level 1 change describes intraindividual changes in eGFR and the level 2 model describes how the change coefficients differ across participants. Model fit was determined by using the Akaike Information Criterion. Selection of variables to be included in multivariable models was done by determining probable confounders25 based on baseline characteristics and on theoretical considerations. To account for the different time periods when patients were enrolled in the study multivariable models were adjusted for a dummy variable corresponding to the enrollment period (1990-1995, 1996-2000 or post-2000) . Final Cox models were adjusted for case mix (age, race, CCr, diabetes mellitus, cardiovascular disease, blood pressure, body mass index, smoking status, enrollment period and calcitriol use) and for laboratory parameters (estimated GFR, serum albumin, bicarbonate, calcium, phosphorus, alkaline phosphatase, blood hemoglobin, WBC, percentage of lymphocytes and 24 hour urine protein). Analyses of slopes were also adjusted for the presence or absence of deaths or ESRD events (in order to account for potential informative censoring due to these events). Sensitivity analyses were conducted to separately assess the association of calcium-containing binders with the same outcomes. To alleviate possible selection bias involving patients treated with binders, we calculated propensity scores from pertinent demographic and clinical characteristics and matched treated and untreated patients by their scores, resulting in a matched cohort of 266 patients.
Interactions were assessed by performing subgroup analyses by baseline age, race, estimated GFR (in Cox models only), serum calcium and phosphorus and the presence or absence of DM and CVD. Due to possible confounding by better nutritional status in patients with higher serum phosphorus levels, subgroup analyses were also performed by dividing patients along the median baseline values of various markers of protein-energy wasting: 18; 33 BMI, serum albumin, blood cholesterol, WBC count and the percentage of lymphocytes in WBC. Sensitivity analyses were performed by analyzing separately a more contemporary subgroup of patients enrolled after January 1, 2001 and by repeating analyses after substituting missing data points with imputed values using multiple imputation procedures. Due to the possibility that patients taking calcium-based medications might have received these for non-phosphate binding purposes, we performed additional sensitivity analyses by categorizing patients according to the amount of elemental calcium intake, by excluding patients who took <1000 mg of elemental calcium/day and by restricting analyses to patients using a combination of calcium-based binders and sevelamer hydrochloride. P values of less than 0.05 were considered significant. Statistical analyses were performed using STATA statistical software version 11 (STATA Corp, www.stata.com). The study protocol was approved by the Research and Development Committee at the Salem Veteran Affairs Medical Center.
RESULTS
The mean (±SD) age of the cohort at baseline was 69±11 years, 24% of patients were black and their mean eGFR was 38±17 ml/min/1.73m 2 . Most patients had CKD stages 3 (57%) and 4 (30%), with few patients categorized as CKD stages 1 (2%), 2 (8%) and 5 (4%). The mean (±SD) baseline serum calcium and phosphorus were 9.4±0.5 and 3.8±0.8 mg/dl, with 5% and 12% of patients having at least one serum calcium and/or phosphorus level above the upper limit of normal (>10.3 and >4.6 mg/dl, respectively). Figure 1 shows the flow chart of the distribution of patients according to their phosphorus binder use. Overall 344 (29%) patients received some form of binder, with the majority of them using calcium-based binders, and a minority using solely sevelamer hydrochloride or a combination of the two. A binder was dispensed a median (25th-75th percentiles) of 25 times (15-39) in treated patients, who started using binders a median of 1.0 years (0.2-2.9) after the start of follow-up. The median dose of daily elemental calcium intake in patients taking calcium-based binders was 780 mg/day (507-1014). A total of 658 patients died (mortality rate of 141/1000 patient-years [95% confidence interval, 131-153]; 150 deaths (23%) occurred after dialysis initiation), and 215 patients reached ESRD (45/1000 patient-years; 95%CI, 39-51) during a median follow-up of 3.1 years. Forty five patients (4%) were lost to follow-up and their characteristics were not significantly different (data not shown).
Demographic and clinical characteristics in patients divided according to their binder use are shown in Table 1 . Patients treated with a binder were more likely to be black and to be active smokers, and were more likely to use calcitriol and aspirin, had higher Charlson comorbidity index, systolic blood pressure, serum phosphorus, WBC count and 24 hour urine protein, and lower body mass index, eGFR, serum bicarbonate, calcium, albumin, blood hemoglobin and percentage of lymphocytes in WBC. Table 2 shows the change in time (slopes) of serum calcium and phosphorus in subgroups of patients according to their binder use or non-use. Serum phosphorus showed a rise over time in patients treated with binders, with no significant change in patients not treated with binders. Serum calcium level did not change significantly in either group.
Crude overall all-cause mortality was higher in patients receiving binders, but adjustment for case-mix characteristics attenuated this difference, and full adjustment for case mix and biochemical characteristics revealed that binder use was associated with significantly lower all-cause mortality ( Table 3 ). No single independent covariate was disproportionately responsible for the changes in the directionality of the associations during adjustments, including adjustment for serum phosphorus; the fully adjusted hazard ratio for mortality without adjustment for serum phosphorus was 0.67 (0.51-0.89), p=0.005. Associations were similar when examining propensity score-matched patients (Figure 2 and Table 3 ) and when defining exposure to binders on an intention-to-treat basis (0.77 (0.62-0.96), p=0.02). Subgroup analyses indicated that the mortality benefit associated with binder use appeared to be restricted to patients with higher serum phosphorus (Figure 3 ). Figure 5 depicts the estimated slopes in mixed effect models of patients who never received a binder and the pre-and post-treatment slopes of patients treated with binders. Compared to untreated patients, the pre-treatment (baseline) slopes of patients who subsequently received a binder were significantly steeper (−1.23 ml/min/1.73m 2 /yr (−1.52 to −0.93) for untreated vs. −3.68 (−4.26 to −3.11) for patients who were later binder treated, p<0.001). Initiation of binder therapy was associated with a significant and favorable (less steep) change in slopes of eGFR compared to the pre-treatment slopes of the same patients in unadjusted and case-mix adjusted analyses of the overall cohort, but further adjustment for laboratory variables reduced these differences to a non-significant trend ( Table 3 ). Subgroup analyses indicated that binder therapy was associated with slightly more favorable changes in the slopes of eGFR in younger patients, in patients with lower phosphorus and higher calcium levels, and in patients with better nutritional parameters (higher cholesterol and percentage of lymphocytes in WBC, and lower WBC) ( Figure 6 ).
Results remained consistent in sensitivity analyses of patients enrolled after January 1, 2001; after substituting missing data points with imputed values; in patients using exclusively calcium-based binders; in calcium-using patients categorized according to their amount of elemental calcium intake; after excluding patients whose elemental calcium intake was <1000 mg/day; and after examining separately patients on combination binder-regimens of calcium plus sevelamer hydrochloride (data not shown).
Discussion
We examined associations between the routine clinical use of various phosphorus binders and relevant clinical end points in a large group of male patients with moderate and advanced nondialysis-dependent CKD, and found that the application of these agents was associated with lower all-cause mortality and, with an overall neutral effect on the slopes of eGFR. The majority of the patients on binders in our cohort were administered calcium-containing medications; thus our results apply mainly to this group of binders.
The most plausible explanation for a beneficial impact of binder use on mortality is their phosphorus-lowering effect. 1 The association of binder therapy with lower mortality in our study was more pronounced in the subgroup of patients with higher baseline serum phosphorus levels, which suggests that the observed benefit may directly or indirectly be mediated through a hyperphosphatemia-related mechanism of action. Epidemiologic studies in hemodialysis and peritoneal dialysis patients have found significant associations between higher serum phosphorus and cardiovascular calcification and mortality, 18;33 with similar results reported in patients with non-dialysis-dependent CKD. 18;33 The increased mortality associated with higher serum phosphorus in observational studies could be explained by increased cardiovascular calcification occurring as a consequence of hyperphosphatemia; 27 yet randomized controlled trials have never been conducted to test the hypothesis that lowering of serum phosphorus might improve mortality. Only one observational study in hemodialysis patients examined outcomes associated with phosphorus binders and reported a significant association with lower mortality, 18 but to our knowledge no similar studies were performed in non-dialysis-dependent CKD. Compared to ESRD patients, those with non-dialysisdependent CKD typically have lower serum phosphorus levels; 18;33 hence the administration of binders is in general less frequent. Furthermore, the impact of such medications may be less obvious, as it may manifest itself in lowering urinary phosphorus excretion and serum levels of PTH and FGF-23 rather than in lowering serum phosphorus levels. 1 These additional biochemical effects of binders in non-dialysis-dependent CKD may provide alternative explanations for the observed clinical benefit, as the affected biochemical parameters have themselves been associated with adverse outcomes. 18;33 In our cohort the serum phosphorus of binder-treated patients showed an increase over time in spite of the treatment received, suggesting that the above alternative mechanisms of action may have played a role in the observed outcomes, rather than the lowering of serum phosphorus.
Higher serum phosphorus has been associated with a higher incidence of ESRD in several previous studies, 18;33 and phosphorus restriction resulted in slower progression of CKD in small clinical trials. 18;33 The latter studies were, however, confounded by the concomitant restriction of protein intake and by uneven blood pressure control, hence they could not examine the isolated effect of phosphorus restriction on progressive CKD. To the best of our knowledge no studies have examined the effect of binders on kidney function in CKD. In our study we noted a neutral effect of binder administration on the slopes of eGFR, suggesting no clear overall benefit from a mostly calcium-based binder regimen on progression of CKD. The significance of a benefit on progression of CKD seen in a number of our patient subgroups is unclear and warrants additional investigation.
Our study should be qualified by several potential limitations. The historical and observational nature of the study only allows us to establish associations, but not causal relationships. As patients were not randomly allocated to receive treatment with a binder selection, bias and unmeasured confounders might be responsible for the observed effects. We used various techniques such as propensity scores to mitigate such bias, but only controlled trials can fully resolve this problem. Our study was limited to male patients from a single institution; hence our results may not apply to the larger population with non-dialysis-dependent CKD. The enrollment of patients over an extended period of time in our study makes it possible that secular trends in medical practices could have affected patient outcomes differently based on the time of enrollment. To address this issue, we adjusted for the time of enrollment and we examined more contemporary patients separately, and found no differences in outcomes. We had limited data on PTH levels, hence we could not include this potential confounder in our analyses, but we were able to use instead serum alkaline phosphatase level as a marker of increased bone formation and an independent risk factor of mortality in MHD patients. 18;33 Furthermore, adjustment for PTH levels would be expected to strengthen, and not to mitigate the association of phosphorus binders with favorable outcomes, given that such medications in general result in a lowering of serum PTH levels. We could not ascertain that all patients were administered calcium-based medications with the intent to lower serum phosphorus, since the proportion of patients using such medications in our cohort was higher than what has been reported in prior studies, 18;33 and the serum phosphorus levels in the treated patients rose in spite of binder administration; it is thus possible that patients taking lower doses of calciumbased medications in our study might have used them as dietary supplements. In order to better segregate patients who might have received calcium containing medications with an indication as phosphorus binders we assessed outcomes separately in patients who took higher doses of said medications and also in patients who used a combination of calcium-based and noncalcium-based binders, and found that the results remained consistent in such sensitivity analyses. We hypothesized that cardiovascular events could have been the reason for deaths associated with improved phosphorus homeostasis, but we did not have causes of deaths available for analysis in order to test this hypothesis.
In conclusion, our analysis found that the administration of phosphorus binders is associated with lower mortality in male patients with moderate and advanced non-dialysis-dependent CKD. Our results strengthen earlier findings that linked hyperphosphatemia to adverse outcomes in ESRD and non-dialysis-dependent CKD, and should urge us to test phosphoruslowering therapies in clinical trials. Survival curves in 133 patients administered any type of phosphorus binder versus 133 patients on no phosphorus binder, matched by their propensity scores reflecting the likelihood of binder administration. Hazard ratio (95% confidence intervals) of overall all-cause mortality in various subgroups of patients treated with a phosphorus binder vs. not treated with any binder. All results are adjusted for age, race, Charlson comorbidity index, diabetes mellitus, cardiovascular disease, blood pressure, body mass index, smoking status, enrollment period, the use of calcitriol, estimated GFR, serum albumin, bicarbonate, calcium, phosphorus, alkaline phosphatase, blood hemoglobin, white blood cell count, percentage of lymphocytes and 24 hour urine protein. Mean eGFR (95% confidence intervals) in patients who were and who were not treated with binders, assessed at monthly intervals during follow-up. Estimated mean slopes of eGFR vs. time in patients who were never treated with phosphorus binders (solid line) and in patients treated with phosphorus binders (dashed line). The arrow indicates the change in slope associated with the initiation of phosphorus binders in treated patients. Slopes were estimated from unadjusted mixed effect models in the respective subgroups. Differences in post-treatment vs. pre-treatment eGFR slopes (ml/min/1.73m2 per year) associated with binder therapy in various subgroups of patients treated with a phosphorus binder. 95% confidence intervals are indicated (horizontal lines). Results are adjusted for age, race, Charlson comorbidity index, diabetes mellitus, cardiovascular disease, blood pressure, body mass index, smoking status, enrollment period, the use of calcitriol, serum albumin, bicarbonate, calcium, phosphorus, alkaline phosphatase, blood hemoglobin, white blood cell count, percentage of lymphocytes and 24 hour urine protein and the presence or absence of a death or end stage renal disease event. Outcomes associated with the administration of phosphorus binders.
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